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Abstract 
 
This paper presents the results obtained with a new type of eddy current transducer with 
rotating  magnetic  field (RMF) dedicated to inspection of pressure tubes  from PHWR 
CANDU type. 
Are  presented  the  results  of  pressure  tubes  samples  inspection,  emphasizing  slots, 
detection of discontinuities appeared during exploatation, so on internal as well as on 
external surface and hydride blisters with cracks. 
 
 
1.  Introduction 
 
The nondestructive testing of metallic tubing from heat exchangers, steam generators, 
fuel channels is made through eddy current method using inner transducers. In present, 
many types of eddy current transducers are used, one of them being analyzed in 
1. The 
aim of this transducers and control equipment development consists in the obtaining of 
better probability of detection for a imposed reliability coefficient.  
The perturbation factor which can affect the control results is represented by the totality 
of  noises:  vibration  of  transducer  inside  the  tube,  local  modification  of  parameters, 
without exceed the tolerances imposed to chemical composition, ovality and diameter 
modification of tubes, thermal fluctuations, and diverse deposits on tube’s surface due 
to  chemical  treatment  of  residual  water,  electromagnetic  induction  in  transducer, 
electronic noises of equipments, etc 
2. 
Are  presented  the  evaluated  the  quantity  of  zirconium  hydride  due  to  deuterium 
diffusion  resulted  from  radiolysis  of  heavy  water  also  the  blister  created  by  the 
appearance of zirconium hydride and its diffusion to exterior of the tubes. Also, the 
results obtained by inner eddy current transducer with RMF
1 from the control of non-
irradiated pressure tube samples having artificial defect which simulate real defects that 
can appear on this; the location of the position of the garter springs and eventually their 
tilt. 
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2.  The control of Pressure tubes from PHWR POWER PLANTS 
 
The pressurized Heavy Water Reactor (PHWR) are made from a cylindrical horizontal 
vessel, named calandria vessel and is filled with heavy water wich serves as moderator. 
A critical part of PHWR CANDU 600MW(e) type Nuclear Power Plant is the calandria 
tube made of austenitic steel, two integral end shields (also made of austenitic stainless 
steel) with carbon steel shielding balls each, horizontally penetrated by 380 lattice tubes, 
380 Zircaloy-2.5. The calandria tubes joining the lattice tubes at each position in the 
lattice and 380 fuel channel assemblies mounted within these lattice sites. 
The fuel channel assemblies (Figure 1) consist of: 
- Zirconium –2.5%Niobium alloy pressure tubes (6.3m long x 105mm nominal bore x 
4.16mm minimum wall thickness to house fuel and pressurized D2O coolant) 
- AISI type 403 stainless end fittings, with type 410 stainless steel liners 
- 4 garter springs tube spacers to support each pressure tube within its calandria tube 
- positioning assemblies for each end fitting 
- shield plugs for every end fitting to minimize neutron leakage from the fuel channel 
and to provide axial support to the column of 12 fuel bundles 
- removable closure plugs to seal each end of the fuel channels and to enable access 
for refueling by the fuelling machine 
- feeder connections. 
 
Figura 1 Fuel channel assembly 
The calandria is filled with D2O, which moderates the fast neutrons, that allows chain 
reaction to take place. The heat in the fission reactor within the fuel is transferred to the 
pressurized D2O coolant, which is pumped through the fuel channels. The annular space 
between the pressure tube and calandria tube provides thermal insulation between the 
hot heat transport system coolant and the cool moderator. Nominal inlet pressure of 
coolant is 9.8MN/m
2, the inlet temperature is 249
0C and the outlet temperature is 293
0C. 
The  full  power  refueling  requirements  for  CANDU  600MW(e)  reactors  involve 
replacing about 110 fuel bundles per week, which entails refueling 14 fuel channels per 
week.  Conforming  to
3,  at  outage,  a  number  of  fuel  channels  are  tested  using 
nondestructive  methods  such  as  visual  methods  with  video  cameras,  ultrasound  and 
eddy current techniques using an inspection head that it is positioned with the aid of the 
refueling machine. The inspection head is pushed inside the pressure tube. IV Conferencia Panamericana de END                             Buenos Aires – Octubre 2007  3 
The inspection, is used to extract information about
4 : 
-  the position and tilt of garter springs
5  
-  cracks  on  internal  and  external  surface  of  pressure  tubes  which  could  be 
discerned by the scratches due to frequent removal and insertion of  fuel channel 
bundles
6  
-  oxide zones and blistering due to zirconium hydrate forming on external surface 
of the pressure tube 
7 
For  nondestructive  evaluation  of  pressure  tubes  several  equipments,  transducers, 
inspection  techniques  and  signal  processing  methods  have  been  developed  over  the 
years and, the results obtained have been compared as a part of a coordinated research 
project under the auspices of International Atomic Energy Agency – Vienna. 
From the problems that are imposed at the pressure tubes inspection, this paper the 
emphasizing the results of the  inspection of  material discontinuities on  internal and 
external surface of un-irradiated samples. 
 
3. Eddy current evaluation of pressure tubes with RMF transducer 
 
The  transducer  is  absolute  send-receiver  type,  and  a  schematic  of  the  transducer  is 
presented in Figure 2 The emission part is made from 3 rectangular coils, wound with 
2p/3 angle between them (Figure 2a) The emission coils have 70 turns each, with a 
winding area of 50x60 mm dimensions and 4 mm height.. The receiver is made of an 
equally spaced array 24 identical coils. The reception coils have each 70 turns, 0.1mm 
diameter wire winding and   area of 8x10 mm (Figure 2b) 
The emission coils are star connected and supplied with a three-phase electric current. 
The vector addition of the magnetic fields created by the 3 coils results in a magnetic 
rotating field, with the frequency being equal to that of the three-phase current 
8. 
   
a)front view and b)lateral view 
Figure 2.Inner eddy current transducer with rotating magnetic field 
 
Three programmable function generator cards AWG 7223 PC-2 type supply the circuit 
with the three phase alternative current with equals amplitudes and 2p/3 difference of 
phase between them, as well as the reference for synchronous detection. The signals are 
amplified and applied to the emission part creating a rotating magnetic field. The cards 
delivered the reference signals for synchronous detectors, included into eddy current 
SFT 6000N card. The 24 receiver coils are consecutively interrogated by means of an 
analog multiplexer and the signal is applied to the input of an SFT 6000N eddy current 
board  (Figure  3)
9.  This  card  contains  also  pre-amplifiers,  filters,  direct  current IV Conferencia Panamericana de END                             Buenos Aires – Octubre 2007  4 
amplifiers and a circuit for rotating the phase of the signal.The experimental set-up is 
presented in Figure 4  
 
   
Figure 3 Basic diagram  Figure 4 Photo of equipment 
 
4. Experimental results 
 
The RMF transducer was used to detect discontinuities in un-irradiated pressure tube 
samples with 103 mm internal diameter and 4.2 mm wall thickness. A set of 42 defects 
with different shapes and severities were machined in the tubes. 
The control parameters were frequency 40KHz, current 0.1A, gain 56dB, phase 202
0, 
axial scanning step of 0.25mm. 
In Figure5 we present the pictures of 6 defects placed so on inner surface as well on 
external surface and emphasized by blind control of pressure tubes.  
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The  dimensions  of  defects  were  determined  by  destructive  testing  and  are  given  in 
Table 1 
Table 1 
Dimensions  No  Location  Type 
Axial  circumferential  depth  Discretization (cells) 
7  OD  Rubbing mark  16  8  0.2  16x8x1 
8  ID  Circumferential  0.2  11  0.2  1x11x1 
9  OD  Axial  6  0.2  1  6x1x5 
10  ID  Circ. Notch  6  0.2  0.2  6x1x5 
11  ID  Fretting wear  26  2  0.2  26x2x1 
12  ID  Long Notch tilted  4  0.5  0.2  4x1x1 
The  signals  delivered  by  control  equipment  and  corresponding  to the  6  defects  are 
presented in figures 6, the marks corresponding to defects presented in figure 6 having 
dimensions given  in Table1.  It can be seen from Figure 6 that the discontinuities from 
internal surface, as well as from external surface are clearly emphasized. 
   
a                                                       b  
Figure 6 Experimental results a) signals for the defects 7-9 and b) signals for the 
defects 10-12 
The signal to noise ratio for all discontinuities is higher than three
10. 
Between the signals from Figure 6a,b,c from ref (9) and them from Figure 6, a series of 
differences exist, due to the following causes: 
1.signals from Figure 6 represents the response of equipments when the transducer 
is displaced along on axial direction of tube, while the signals from ref (9) were 
divided at equipment amplification 
2.The three discontinuities aren’t exactly on the same generatrix, the signals from 
(9)  correspond  to  a  relatively  small  zone  of  scanning,  each  time,  the  same 
reception coil being positioned so the transducer passes exactly over the middle of 
discontinuity.  
3. To obtain the signals from ref (9), the interrogation of reception sensors array was 
cut - out, only the coil that pass over the discontinuity being coupled at equipment 
input.  The  signals  from  Figure  6  correspond  to  a  real  control  situation,  the 
reception coils being interrogated consecutively. 
To obtain the signals from ref (9), the 2 channels correspond to real and imaginary 
components of e.m.f. induced in reception coil. In real control conditions, the signals are 
rotated  with  an  angle,  so  that  the  signals  can  be  easily  interpreted  and  results 
reproducibility shall be assured. This is the significance of the 202
0 phase angle. 
Evaluating the lifetime for pressure tubes represents a probabilistic model made on basis 
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type. A Markov chain is governed by the transition matrix P, where Pjk(t) elements is 
the probability of transition of moving from the current state j to state k: 
( ) ( ) ( ) ( ) 0 ; , , 0 jk P t P X t k X j j k S t = = = Î >                                                      (1) 
There are defined the following possible states in which we can find the PT system in 
function  of  the  degree  of  deterioration;  we  define:  OK-  state  in  which  PT  is  not 
degraded; D1 - state in which PT are in slowly degradation state; depth limit of defect is 
0.15mm; D2 : - state in which PT has degradation in relatively major degree; the depth 
limit of defect is 0.5mm; F1- state in which PT system can be in critical degradation 
state; the depth limit   of defect is 1.6mm. The system states D are included in two 
categories: states with defects detected at control effectuated D1d and D2d and states with 
defects  undetected  at  control  effectuated  D1u  and  D2u.  The  overall  failure  model  is 
presented in figure 7 
 
Figure 7  Overall failure/maintenance model, (state F2 not included) 
The transition matrix P for our model is 
*
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Further,  we  introduce  the  probabilities  that  degraded  states  are  detected  by  the 
inspection: 
·  q1 - probability that state D1 of the system is detected;  
·  q2  -  probability  that  a  degraded  failure  is  detected  by  the  inspection;  it  is 
unknown in advance if the state D1 was reached; 
·  q3 -probability that a degraded  failure D2  is detected by the  inspection;  it  is 
known in advance that the state D1 was reached. 
The dotted lines of Figure 7 indicate transitions at the end of the test interval. The 
input parameters for the estimation of model parameters are listed in ref (14) IV Conferencia Panamericana de END                             Buenos Aires – Octubre 2007  7 
 
5.  Determination  of  the  detection  probabilities  for  small 
discontinuities with depth of cca 0.125mm. 
 
In this scope it was used the sample ARG 1 from Argentina in frame of a Contract 
between NIRDTP Iasi and IAEA Vienna
11 . 
The  inspection  defects  are  noted  with  #1,  #2,  #3  and  #4  with  dimensions  and 
orientations given bellow. 
Table 2 Flaw details in ARG 1 sample 
Flaw #  Location and Orientation  Length 
(mm) 
Width (mm)  Depth (mm)  Characteristics 
1  ID, axial  6.1  0.3  0.136  calibration slot 
2  OD, axial  6.15  0.4  0.14  calibration slot 
3  ID, circumferential  6.2  0.3  0.152  calibration slot 
4  OD, circumferential  6.6  0.4  0.16  calibration slot 
The distribution for the estimated defect severity with depth 0.125 mm is present in 
figure 8 using a original method to resolve inversion problem for EC
12. Considering the 
probability distribution for defects of log normal type (continue curve by figure 8) and 
integrating  in  range  0.1  –  0.3  it  was  a  detected  probability  of  46%  with  reliability 
coefficient 95%.  
Determination of the detection probabilities for small discontinuities with depth of cca 
0.47mm. 
The inspection defects are noted with #1 and #4 with dimensions and orientations given 
by table 3 are from KOR 1 sample. 
 
 
Figure 8 The estimated distribution for flaw with depth 0.125mm 
 
Table 3 Flaw details in KOR 1 sample 
Flaw #  Location and 
Orientation 
Length 
(mm) 
Width (mm)  Depth 
(mm) 
Characteristics 
1  OD, axial  6.0  0.3  0.47  Short notch deeper than 
calibration slot 
4  OD, 
circumferential 
6.0  0.3  0.41  Short notch deeper than 
calibration slot 
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The histogram and log normal distribution for estimations concerning the defect with 
0.47 mm depth is present in figure 9.  
 
Figure 9 The estimated distribution for flaw with depth 0.47mm 
It was made 30 measurements and 30 estimations for defect severities. In two cases the 
defect was estimate as having depth 0.4 mm, in 4 cases the signal was estimate as being 
from defect with depth 0.4 mm, in 8 cases the defect was estimate as having depth 0.5 
mm, in 9 cases the signal was estimate as being from defect with depth 0.6 mm and in 7 
cases the signal as being from defect with depth 0.7 mm. It was a detected probability of 
70% with reliability coefficient 95%. 
6. Determination of the detection probabilities for small discontinuities 
with depth of cca 1.63mm  
It was a detected probability of 98% with reliability coefficient 95%. 
The figures 10 and 11 show the probability to detect a pressure tube to be find in the 
degradation  state  (D1n
  or  D2n)  but  not  emphasized  by  eddy  currents  procedure  in 
function of time range between the inspections. 
We  can  see  that  in  time  range  between  300-400  days  is  minimum  time  up  at  the 
inspection  following.  Hence,  it  results  that  in  this  range  the  chance  as  a  flaw  is 
undetected is minim. 
Upper 600 days in the range time between two inspections to undetected probability of 
the flaws which can be dangerous for reactor running.  
 
Figure 10 The probability for state D
1u    Figure 11 The probability for state D
2u 
It was elaborate a Markov model for the life time prediction for the pressure tubes. The 
initial values with which we have to work are given in ref (14). We developed a soft IV Conferencia Panamericana de END                             Buenos Aires – Octubre 2007  9 
using  MATLAB 7.0 programmer which uses a  series of apriority knowledge which 
appear as accumulated experience in the exploitation of nuclear reactors PHWR type. 
Other results are obtained by nondestructive testing for pressure tubes at annual outage. 
This  model  has  more  simplifications  for  interpretation  of  the  results  and  to  use  for 
maintenance optimization.   
 
7.  Determination  of  conductivity  for  Zr-2.5%Nb  alloys  that  contain 
hydrogen in different proportions 
 
The eddy current method can be used, to determine electrical conductivity of electric 
conductive materials. To could determinate the conductivity of Zr alloy that contains H2 
and Zr hydrides, a simply physical model, based either on Dodd and Deeds model
13 or 
transmission and reflection coefficients method
14 was developed. Because the equations 
obtained by Dodd and Deeds are largely used, for example, for the case conductivity 
determination for Zircalloy alloy will use this model. Being a coil placed at Z0 high over 
a  conductive  material  with  d  thickness,  s  conductivity  and  m0  permeability.  This 
situation is presented in Figure 12. 
The  coil  has  rectangular  section,  n  turns  and  is  crossing  by  a  current  with  angular 
frequency w. 
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where a is Fourier variable; r1, r2,za, zb have the signification from figure 12 
 
 
Figure 12. Experimental arrangement 
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The equation (3) became 
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The integral  ( )
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H0 and H1 are Struve function 0 and respective 1 rank. 
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where G is gamma function. 
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For small electrical conductibility modification, only the resistive component of Z is 
modified, and this is relatively small, until the reactive component remains practically 
constant. 
To can emphasizes these kind of resistance modification must, compulsory, to use a 
differential eddy current transducers system, one of transducer must be placed on etalon 
sample having conductibility more closest by measured conductibility and the second 
being placed then, successively, on measured probes. 
 
Measurements principle: 
From the electrical point of view, an eddy current transducer with unique coil has the 
equivalent scheme 
              
Figure 13. Equivalent scheme              Figure 14. Electrical scheme 
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To effect the measurement of conductivity using eddy current method, eddy current 
equipment SFT 6000N type, made by SOFRATEST France and realized as PC card. 
The transducer is feed through a large band transformer, so that the principle electrical 
scheme  is presented in  figure 14: Rin represent the  input resistance of  measurement 
preamplifier of equipment, uo the feeding voltage and um the lack of balance of bridge. 
If the two transducers differential connected are identical 
1 2
1 2
L L L
r r r
X X X
= =
= =
 
The current through transducers is 
( ) 2 L
U
i
r jX
=
+
 
When one of transducer is placed over the etalon sample and second over the sample 
with conductivity closer with those of etalon, a resistance modification of the second 
transducer appears, this becoming r+Dr. 
The current through transducers will be 
( ) 2 L
U
i
r jX r
=
+ +D
 
The unbalanced voltage of bridge will be DU 
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1
L L U r r jX i r jX i
U ri
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                               (8) 
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Separating real and imaginary components will obtain: 
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2
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D = - D
+
                                    (10) 
With help of (10) the value with which the resistance of transducer placed over the 
measured sample is modified, can be determined. Inserting the obtained value in the 
equation of model, by inversion, we can obtain the value of conductivity. 
The method of neural network was used as inversion method. The unbalance voltage 
was measured with 2 digital voltmeters (one on each channel) PC connected. During 
measurements, due to the noise, the transducer placed over unknown sample was left in 
contact with sample (being fixed during about 5 minutes). The value used for inversion 
was  the  average  value  on  this  time  (cca.  2000  measurements).  The  errors  were 
determined from results dispersion. 
To diminishing the effect of curvature, miniature transducers were developed  in the 
frame of NDT Department of NIRDTP, having dimensions: inner radius 2mm, outer 
radius 3mm, height 2mm, each coil having 20 turns. The resistance of each coil was 
0.81W and the inductance was 14.3mH.  IV Conferencia Panamericana de END                             Buenos Aires – Octubre 2007  12 
During  the  measurements,  the  axis  of  coil  transducer  shall  have  the  direction  of 
curvature radius of sample was followed. In this moment, the transducer was fixed on 
sample with blue-tack. 
We must mention that the model was developed (Dodd and Deeds) to a plate sample, 
when in reality, the samples present curvature. 
Is very difficult to elaborate a model in such conditions, all the more that another error 
sources,  alike  important  is  represented  by  the  knowledge  as  exact  is  possible,  of 
electrical conductivity of etalon samples, (those wit 2ppm hydrogen content). It was 
considered that this sample have the conductivity used in modeling 1.89*10
6S/m
15, 
16. 
In these conditions the final results are given in Table 4. 
 
Table 4 
sample  0-1  1-1  2-1  3-1  4-1  5-1  0-4  1-4  2-4  3-4 
Concentration [ppm]  2-3  23.7  48.9  79.5  34.9  64.9  2-3  50  31  62 
Conductivity 
10
6S/m 
1.89  1.87± 
0.08 
1.80± 
0.08 
1.77± 
0.08 
1.85± 
0.08 
1.79± 
0.08 
1.89  1.80± 
0.08 
1.86± 
0.08 
1.78± 
0.08 
Taking  into  account  of  very  closer  values  of  conductivity  for  different  hydrogen 
concentrations in the range 0-80ppm, it seems that the single viable method is the eddy 
current method. Improving could be obtained in the conditions in which it shall be used: 
-  Eddy current focused transducer 
-  A  real  viable  model  shall  be  developed,  that  should  take  into  account  the 
curvature of sample 
-  The  neural  network  shall  be  trained  not  only  with  model  data,  but  with 
experimental data too  
 
8. Experimental blisters detection using eddy current methods 
 
The pressure tube samples on which single and respectively two blisters were 
created have length to small to utilize the inner eddy current transducer with rotating 
magnetic field. 
To detect the blisters a transducer with orthogonal coils was used, presented in figure 
below. 
 
Figure 15. Transducer with orthogonal coils 
The transducer  is connected with SFT 6000N eddy current board. The work 
conditions are: 
Equipment: SFT 6000N card; 3 function generators AWG 7223 PC,  3 power 
amplifiers, analogue multiplexer– Texas Micro PIII Computer 
Frequency 40KHz,  
Gain 49 dB,  IV Conferencia Panamericana de END                             Buenos Aires – Octubre 2007  13 
Injection 0.1Aef,  
Phase 178
0,  
Cutt-off freq. 20Hz 
Transducers: EC with orthogonal coils 
The results obtained at the testing of samples are presented in figures below: 
   
Figure 16. A1 sample, single blister  Figure 17. A2 sample, single blister 
   
 
Figure 18. C1 sample, blister No.1  Figure 19. C1 sample, blister no.2 
   
Figure 20. C2 sample, blister no.1  Figure 21. C2 sample, blister no.2 
Because of to the scanning system and small length of tubes, at the measurements for 
the blisters on sample named C 1 and C2 (two blisters), the signal (encircled) recorded 
is due only to one from the two blisters for each figure. 
 
Conclusion 
 
The prototype of transducer and equipment was realized, that allows the nondestructive 
evaluation of pressure tubes from PHWR power plants. The prototype was tested on un-
irradiated pressure tubes samples, in normal condition functioning. Different types of 
defect with diverse severities, positioned so on internal as well on external surface of 
tubes were emphasized. The signal to noise ratio, for all the defects is better than 3/1 
and the reproducibility of indications at multiple scanning is good enough. IV Conferencia Panamericana de END                             Buenos Aires – Octubre 2007  14 
The  eddy  current  methods  permits  th  evaluation  of  hydride  content  if  exceeds  th 
thresold of 30ppm hydrogen with ±10ppm precision can be made 
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